Abstract: Concentrations of cadmium (Cd), copper (Cu), mercury (Hg) and zinc (Zn) were determined by atomic absorption spectrophotometry in the muscle tissues (arms and mantle) of three commercial cephalopods (Loligo vulgaris, Octopus vulgaris and Sepia officinalis) caught in three different Tunisian coastal regions. The highest concentrations found correspond to the essential elements Cu and Zn. Octopuses and cuttlefish showed the highest levels of those elements while squid presented with significantly higher values of Hg in both muscular tissues. This may be related to different feeding behavior and detoxification processes among benthic and pelagic cephalopods.
Seasonal survey of contaminants (Cd and Hg) and micronutrients (Cu and
and reducing blood clotting tendency (Din and others 2004; Ismail 2005) . Among the commercial marine resources, cephalopods represent one of the most important groups of species in the world to fisheries, comprising about 4% of total catches according to the FAO (2013) . During the last decades, cephalopods have been recognized as an appropriate alternative to traditional marine resources and their consumption is likely to continue to increase in the future (Caddy and Rodhouse 1998; Piatkowski and others 2001) . They are generally very rich in n-3 fatty acids (Ozogul and others 2008) , as well as being excellent sources of proteins and of a large number of essential elements (Oehlenschlager 1997; Storelli 2009) . In parallel to the nutritional benefits of consuming seafood, there is a non-negligible risk of contamination given the bioaccumulation/biomagnification capacities occurring in marine organisms. This is true certainly of cephalopods; they can be considered as ''potentially'' hazardous for consumers,
given their ability to accumulate high levels of Cd, even in environments of low metal contamination (Bustamante and others 1998a; Dorneles and others 2007; Kojadinovic and others 2011) .
In order to settle this specific controversy, several studies have been published examining various aspects of the risks and benefits of cephalopod consumption (Storelli and and recommendations for the intake of micronutrients to prevent nutritional inadequacy, which could lead to nutrient deficiencies and consequent impairment of health.
In this context, the present study was undertaken to: (1) 
Materials and methods

Sample collection and preparation
Common octopus (Octopus vulgaris), European squid (Loligo vulgaris) and common cuttlefish (Sepia officinalis), were collected seasonally (spring, summer, autumn and winter) over a one-year period (December 2009-November 2010) from three major commercial harbours (Bizerte, Monastir and Sfax) spread evenly across the Tunisian coast (north, east and southeast, respectively; see Figure 1 ). The collected samples were immediately stored in hermetically-closed plastic bags, placed on ice, stored in thermo-insulated containers and transported to the laboratory at the University of Tunis. On arrival at the laboratory, dorsal mantle length and total weight of samples were determined (Table 1) . Samples of arm muscle (A) and mantle muscle (M) were collected and vacuum-sealed in individual plastic bags, coded for easy identification, stored at -25°C and kept for elemental analysis.
Sample analysis
Separated tissue samples were either dried to a constant weight for several days at 60°C or freeze-dried and then homogenized in a mortar and porcelain pestle. An aliquot of ~ 300 mg of each dried material was digested with 5 mL of 65% ultrapure HNO 3 (Merck ®) at 80°C on a hotplate until the solution was clear. Next, the acid was evaporated and the residue was dissolved in 0.3 M ultrapure nitric acid. Blanks were carried through the procedure in the same way as the samples. Cu and Zn were determined by flame atomic absorption spectrophotometry (AAS) while Cd was analyzed by graphite furnace AAS using a Hitachi spectrophotometer Z5000 with Zeeman correction.
The total Hg concentrations were determined by analyzing Hg directly in the powder obtained from the tissues with an Advanced Mercury Analyzer (ALTEC AMA 254) on aliquots ranging from approx. 10 mg of dry sample weighed to the nearest 0.01 mg (Bustamante and others 2006a) . Hg determination involved evaporation of the metal by progressive heating until 800°C was reached, the sample was then held under oxygen atmosphere for 3 min., and subsequently amalgamated in a gold-net. Afterwards, the net was heated to liberate the collected Hg, which was then measured by atomic absorption spectrophotometry.
Accuracy and reproducibility of the preparation were tested by preparing analytical blanks and replicates of Lobster Hepatopancreas (TORT-2), Dogfish liver (DOLT-3) and Dogfish Muscle (DORM-2) reference standards (National Research Council, Canada) along with each set of samples. Recovery rates were respectively equal to 92 ± 7% for Cd, 94 ± 8%
for Cu, 100 ± 3% for Hg and 101 ± 12% for Zn. Detection limits (DL, µg g -1 , dry weight (dw)) were 0.034 (Cd), 0.5 (Cu), 0.006 (Hg) and 3 (Zn).
All data were computed on a µg g -1 wet weight (ww) basis. Concentrations of elements in µg g -1 ww were obtained from data in dw using the dry/wet weight ratios measured in all samples. These ratios indicated a mean moisture content of 78% in cuttlefish and squid and 83% in octopuses, which matched well with those previously reported for the same species (e.g. Ozogul and others 2008; Lourenço and others 2009) .
Statistical analyses
Levels of elements in the edible parts of the studied species were represented by median rather than average values because of their non-normal distribution. Differences in median levels between species, as well as between seasons, were performed by Kruskal-Wallis (KW) tests followed by Wilcoxon tests for independent samples using Bonferroni's p-value correction. Levels of significance of the null hypotheses associated with these tests will be divided into classes of p-values represented by the following codes: NS ≥ 0.05; *< 0.05; ** < 0.01; *** < 0.001. All statistical analyses were performed using the GNU R statistical system (The R Development Core Team 2008).
Assessment of risk and nutritional benefits for Human consumers
The risk to health was assessed by the calculation of the Estimated Weekly Intake (EWI) and the Target Hazard Quotient (THQ) for muscle tissues considering the average Cd and Hg concentrations in both arms and mantle of selected cephalopod species caught along the Tunisian coast. In this calculation, metal sources supplied by other meals or by drinking water on the same day or week were not taken into account; i.e., only metal intake coming from the seafood has been considered. Moreover, the non-carcinogenic effects through cephalopod consumption by the local inhabitants were assessed based on the target hazard quotient (THQ) (USEPA 1989). The THQ is an estimate of the risk level (non-carcinogenic) due to pollutant exposure. Thus, a THQ below 1 means that the exposed human population is unlikely to experience obvious adverse effects. The methodology for estimating THQ was available in the US EPA region III Risk-based Concentration Table (USEPA 2013) 
Results and discussion
Metal levels in edible tissues
Considering the results of all combined sites and for all four seasons, the median concentrations of Cd, Cu, Hg and Zn in the edible tissues (arms and mantle) of European squid, common octopuses and common cuttlefish, expressed in wet weight basis, are presented in Table 2 . The following sequence of metal concentration was observed in all muscular samples for all studied species: Zn > Cu > Hg ≈ Cd. Metals such as Cu and Zn are essential for cephalopod metabolism since they play an important role in biological functions, while non-essential metals such as Cd and Hg have no known biological functions and can be toxic, especially in the most sensitive stages (Bryan 1976) . In the present study, Zn levels vary over an order of magnitude ranging from 2.6 to 45.3 and 4.0 to 33.6 µg g -1 ww in the arms and the mantle, respectively. The highest median concentration (KW, p < 0.001) was observed in octopuses (arms: 14.2 µg g -1 ; mantle: 11.7 µg g -1 ) and cuttlefish (arms: 15.0 µg g -1 ; mantle: 11.1 µg g -1 ) followed by squid (arms: 12.7 µg g -1 ; mantle: 9.8 µg g -1 ) ( Cephalopods are carnivorous, active predators and have very high feeding rates (Rodhouse and Nigmatullin 1996) . Thus, their diet represents a major pathway of exposure for many elements including Cu and Zn (Bustamante and others 2002 (Bustamante and others , 2004 (Bustamante and others , 2006b ). This should explain the high values of the essential elements reported in this study. The octopus, with the highest concentration of these elements in its tissues, consumes a wider range of prey than the two other species studied: in addition to polychaetes and mollusks, octopuses mainly consume crustaceans (Smith 2003) such as crabs that contain high levels of Cu and Zn, which may lead subsequently to a higher intake of these elements (Reijbi and others 2014). However, an uptake of waterborne elements also occurs from exposure to seawater (Bustamante and others 2002) . To the best of our knowledge, no data have been published on the respective proportions in cephalopods of these elements incorporated from food and seawater. Among the three cephalopod species, squid show the lowest concentrations of essential elements. In a previous study, we showed that these differences were not due to important differences either in size or in weight distribution, and thus they reflect actual geographic variations (Rjeibi and others 2014) .
Within the Tunisian zone, the eastern coast may be subjected to potential natural inputs from Table 3 . In general, a similar seasonal profile was observed for the different metals in both muscular tissues. In most cases, the variation among seasons was different between species and seemed to be dependent on the sampling site. Considering the essential elements, the maximum concentration of Cu was obtained in spring for squid and cuttlefish from Bizerte and Monastir, and in autumn for octopuses from Monastir and cuttlefish from Sfax. In the case of Zn, higher levels were found in summer for the arms tissue of cuttlefish in all sampling sites, while maximum values were obtained in winter for the mantle. Squid caught from the eastern and southeastern coast and octopuses from the northern coast showed higher Zn levels in autumn (Table 3) .
Considering the non-essential metals, Cd levels have been reported higher in winter for cuttlefish samples from Bizerte (KW,p < 0.01) and Monastir, and in autumn for octopuses from Monastir (Table 3 ). For Hg, higher concentrations were detected in squid and octopus samples from the northern coast and in cuttlefish from the eastern coast in spring, whereas they tended to increase in summer for all selected species from the southern coast (Table 3) 
Assessment of contamination risk and nutritional benefits for human consumers
In the present study, the Cd and Hg weekly intakes for cephalopods from Tunisia, based on average concentrations, were calculated by considering a weekly average consumption of 231 g (7 days X 33 g) for the Tunisian population (FAO 2009). As shown in Table 4 , the average estimated weekly intakes (EWIs) represented very low percentages of the reference values (ranging from 1.37 to 15.76% for a person weighing 60 kg). The highest dietary intake of Cd and Hg assessed in the present study was associated with the consumption of octopuses from Sfax (maximum of 26.18 µg week -1 ) and of squid from Bizerte (maximum of 37.81 µg week -1 ), respectively (Table 4) , which are still far under the limits (420 µg week -1 for Cd and 240 µg week -1 for Hg). It is therefore unlikely that Cd and Hg intakes through cephalopod consumption would cause any risk for average consumers. Indeed, it would be necessary to eat more than seven times the daily average consumption in the specific case of the squid and octopus that presented the highest concentration in this study (381 g and 962 g, respectively).
Assuming that most of the Hg found in cephalopod muscles is in methyl-Hg form (ranging from 67-83%; Bustamante and others 2006a) and that the standard PTWI value of 1.6 µg kg According to the report of USEPA (2013), the dose calculations are made using the standard assumptions for an integrated USEPA risk analysis, including the exposure over an entire 70 year lifetime and for a 60 kg body weight for an average Tunisian adult. In addition, it was assumed in accordance with the USEPA (1989) that the ingested dose is equal to the absorbed contaminant dose and that cooking has no effect on the contaminants (Cooper and others 1991) . Table 4 shows the results of estimated target hazard quotients (THQs) for Cd and Hg, caused by consuming muscle tissues of the selected species from different sampling locations. The obtained values were all below the acceptable safe value of 1. Therefore, our results infer that consumption of these cephalopod species at the present rate may not be hazardous to the human population.
In parallel to the negligible risk related to the metal contamination of this seafood, results of essential elements (Cu and Zn) concentrations were analyzed from a nutritional point of view. Given the Dietary Reference Intakes (DRIs) published by the IOM (2001), the nutritional contribution that the edible part of the species offers in terms of essential elements was calculated (in DRI percent; see Table 4 ). The DRI relates to a set of the reference values (Recommended Dietary Allowance) given in concentration level per day (Table 4 ). The
Estimated Daily Intake of each element was calculated using the average content obtained in each muscle tissues for the selected species and considering a meal of 33g of seafood. Results from Table 4 show that the contribution to daily intake through the consumption of muscle tissues of the selected species was lower than the required DRIs. The contribution of octopuses and cuttlefish from all sampling sites are more important than that of squid, especially for Cu.
Conclusions
In summary, levels of the metals analyzed (Cd, Cu, Hg and Zn) in the edible parts of three cephalopods species (L. vulgaris, O. vulgaris, S. officinalis) from various Tunisian coastal regions were broadly comparable to those reported in similar international studies for the same species. We showed that the average concentrations for these metals were below the limits provided by international authorities and environmental agencies. Additionally, the consumption of cephalopods from Tunisian waters did not exceed the provisional tolerable weekly intakes (PTWI) for the non-essential elements investigated, indicating that average consumers should not be at risk. In fact, the studied cephalopods specie would provide a 
